Nitrification, the oxidation of ammonia via nitrite to nitrate, has always been considered to be 27 catalyzed by the concerted activity of ammonia-and nitrite-oxidizing microorganisms. Only 28 recently, complete ammonia oxidizers ('comammox'), which oxidize ammonia to nitrate on 29 their own, were identified in the bacterial genus Nitrospira, previously known to contain only 30 canonical nitrite oxidizers. Nitrospira are widespread in nature, but for assessments of the 31 distribution and functional importance of comammox Nitrospira in ecosystems cultivation-32 independent tools to distinguish comammox from strictly nitrite-oxidizing Nitrospira are 33 required. Here we developed new PCR primer sets that specifically target the amoA genes 34 coding for subunit A of the distinct ammonia monooxygenase of comammox Nitrospira. 35
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AOA (Daims et al., 2015; van Kessel et al., 2015) . The amoA gene encoding AMO subunit A 80 has become a widely used functional and phylogenetic marker gene for bacterial and 81 archaeal ammonia oxidizers (Rotthauwe et al., 1997; Purkhold et al., 2000; Juniper et al., 82 2008; Pester et al., 2012) . Public database mining for sequences related to the unique 83 comammox amoA revealed the presence of putative comammox organisms in various 84 environments including soils (paddy rice soils, other agricultural soils, forest soils, grassland 85 soils), freshwater habitats (wetlands, rivers, lakes, groundwater basins), groundwater wells 86 (GGWs), full-scale wastewater treatment plants (WWTPs), and drinking water treatment 87 plants (DWTPs) (Daims et al., 2015; van Kessel et al., 2015) . While this provides preliminary 88 evidence of a broad habitat range of comammox organisms, current knowledge about the 89 environmental distribution and abundance of comammox still is very limited. 90
The amoA genes of comammox Nitrospira form two monophyletic sister clades (Daims et al., 91 2015; van Kessel et al., 2015) , which are referred to as clade A and clade B. Clade A also 92 contains some genes that were previously assigned to the methanotroph Crenothrix 93 polyspora (Stoecker et al., 2006) , but this assignment has recently been corrected (Oswald copper-containing monooxygenase (CuMMO) genes including pmoA, betaproteobacterial 106 amoA, and at least the comammox amoA genes that are amplified by the Holmes forward 107 primer. However, because of its broad coverage of the CuMMOs, this primer pair does not 108 5 allow a specific detection or quantification by quantitative PCR (qPCR) of comammox amoA 109
genes. 110
To enable the direct detection and quantification of comammox amoA genes in 111 environmental samples, we designed in this study two new amoA-targeted primer sets 112 specific for clade A or clade B comammox amoA genes, respectively. Subsequently, we 113 applied these new primers to efficiently screen various habitats for the presence of 114 comammox organisms and to rapidly quantify the abundances of comammox in selected 115 samples. 116 117
Materials and Methods 118

Database mining and sequence collection 119
The amino acid sequences of bacterial AmoA and PmoA were extracted from publicly 120 available metagenomic datasets stored in the Integrated Microbial Genomes databases 121 (IMG-ER and -MER) using the functional profiler tool against a specific bacterial 122
betaproteobacterial AmoA, and PmoA, sequences collected from the Integrated Microbial 124
Genomes databases were augmented with nearly full length amino acid sequences collected 125 from the Pfam site and from NCBI Genbank as described in Daims et al. (2015) . Collected 126 sequences were filtered against a hidden Markov model (hmm) using hmmsearch 127 (http://hmmer.janelia.org/) with the AmoA/PmoA hmm (PF02461) requiring an expect value 128 of <0.0001, and clustered at 90% identity using USEARCH (Edgar, 2010) . Cluster centroids 129 were aligned using Mafft (Katoh et al., 2002) and phylogenetic affiliation with comammox 130 6
Phylogenetic analyses 136
For amino acid sequences that clustered with comammox AmoA and a selection of outgroup 137 sequences affiliating with bacterial AmoA and PmoA, the corresponding nucleic acid 138 sequences were recovered and aligned according to their amino acid translations using 139 MUSCLE (Edgar, 2004) . These nucleotide sequence alignments were manually corrected 140 for frameshifts and used for calculating maximum likelihood trees with RaxmlHPC 141 (Stamatakis et al., 2005) using the GTRCAT approximation of rate heterogeneity and 1,000 142 bootstrap iterations. The generated reference tree was imported into the ARB software 143 package (Ludwig et al., 2004) and used as reference tree for the subsequent addition of 144 short and nearly full-length comammox amoA, betaproteobacterial amoA and pmoA 145 nucleotide sequences that were recovered from public databases. These sequences were 146 added to the reference tree without changes of the overall tree topology by using the 147 "parsimony interactive" tool of ARB. 148 149
Primer design and PCR 150
Two degenerate PCR primer pairs (Table 1) targeting clade A or clade B comammox amoA 151 genes, respectively, were designed and evaluated using the amoA/pmoA reference 152 sequence dataset and the 'probe design' and 'probe match' functions of ARB (Ludwig et al., 153 2004 ). The oligonucleotide primers were obtained from Biomers (Ulm, Germany). 154
The optimal annealing temperature for the primers was determined by temperature gradient 155 PCR using total genomic DNA extracted by a phenol-chloroform based method (details 156 below) from a GWW sample (Wolfenbüttel, Germany), which contained both clade A and 157 clade B comammox Nitrospira (Daims et al., 2015) . An annealing temperature range from 42 158 to 52 °C was chosen for experimental evaluation based on the theoretical melting 159 temperature of 48 °C of the designed primers 160 (http://biotools.nubic.northwestern.edu/OligoCalc.html). Thermal cycling was carried out with 161 an initial denaturation step at 94 °C for 5 min, which was followed by 25 cycles of 162 denaturation at 94 °C for 30 s, primer annealing at 42 to 52 °C for 45 s, and elongation at 163 72 °C for 1 min. Cycling was completed by a final elongation step at 72 °C for 10 min. The 164 7 optimal annealing temperature for both primer pairs was found to be 52 °C. At lower 165 annealing temperatures, unspecific amplification of DNA fragments shorter than the 166 expected amplicon length (415 bp) was observed. Since the amplification efficiency of 167 correctly sized amplicons was lower at 52 °C than at 48-50 °C, temperatures above 52 °C 168
were not evaluated. The PCR reactions were performed in a DreamTaq Green PCR mix with 169 Ann Arbor, MI, USA) or the Chromas version 2.6.1 (Technelysium Pty Ltd, Brisbane, 194 Australia) software packages, and were added as described above to the amoA/pmoA 195 nucleotide sequence reference tree in ARB. 196
197
Quantitative PCR 198
Quantification of comammox amoA genes was performed with individually prepared 199 equimolar primer mixes for comammox amoA clade A and clade B genes (Table 1) 
on a 200
selection of samples from different habitats ( Table 3) . Amplification of comammox amoA 201 genes was performed with 3 min initial denaturation at 95 °C, followed by 45 cycles of 30 202 sec at 95 °C, 45 sec at 52 °C, and 1 min at 72 °C. Fluorescence was measured at 72 °C for 203 amplicon quantification. After amplification, an amplicon melting curve was recorded in 204 0.5 °C steps between 38 and 96 °C. All qPCR assays were performed on a Bio-Rad C1000 205 All assays were performed in triplicate. For each assay, triplicate standard series were 214 generated by tenfold serial dilutions (10 1 -10 8 gene copies/µl) from purified M13-PCR 215 products obtained from cloned vector inserts generated with the TOPO-TA cloning kit as 216 The new primer sets were first evaluated with a pasty iron sludge sample from the GWW 247
Wolfenbüttel, which was known to harbor both clade A and clade B comammox Nitrospira 248 according to a previous metagenomic analysis (Daims et al., 2015) . A single amplicon of the 249 expected length (415 bp) was obtained from this sample with both primer pairs after PCR 250 10 with an annealing temperature of 52 °C. Cloning and sequencing of the PCR products 251 exclusively retrieved sequences of comammox amoA from clade A or clade B, respectively 252 ( Fig. 1) . After application of the two primer sets to 12 additional samples from various 253 environments, comammox amoA clade A was detected in 11 samples and clade B in 7 254 samples (see below and Table 2 ). Single, correctly sized amplicons were obtained from the 255 majority of samples (8 of the clade A-positive samples and 6 of the clade B-positive 256 samples, Table 2 ). In the remaining cases, unspecific PCR products of different lengths were 257 observed in addition to the expected amoA amplicons. These unspecific PCR products 258 appeared irrespectively of the applied DNA extraction method and the number of PCR 259 cycles, but were overcome by either purifying the target amoA amplicon by agarose gel 260 excision (for the lake Herrensee sample) or by a PCR-based clone screening for the right 261 insert size after cloning (for the remaining samples with unspecific PCR products). In 262 summary, we retrieved 444 comammox amoA gene sequences in this study by PCR, cloning 263 and sequencing from the 13 environmental samples (Table 2 ). Only two of the 446 CuMMO 264 sequences did not cluster with comammox amoA clades, but were classified as pmoA. 265
Furthermore, one sequence obtained with the comammox amoA clade A-targeted primers 266 turned out to be affiliated with comammox amoA clade B. Thus, the degenerate comammox 267 amoA-targeted primers offer a straightforward, fast and robust approach for the detection 268 and identification of comammox Nitrospira in complex samples. Notably, with an amplicon 269 size of 415 bp the primers are also suitable for high-throughput amplicon sequencing by 270 current Illumina technologies. 271
Since amplification of non-target DNA was observed with some samples, we took into 272 account that primer degeneracy may impair PCR specificity (Linhart and Shamir, 2002) . 273 Furthermore, primer degeneracy can cause an uneven amplification of different sequence 274 variants (Polz and Cavanaugh, 1998) . In general, less degenerate, defined primer mixtures 275 can reduce unspecific primer binding and yield cleaner amplification products from complex 276 environmental samples (Linhart and Shamir, 2002) . This is of particular importance for 277 obtaining correct population size estimates in qPCR assays. Consequently, less degenerate 278 primer mixtures consisting of separately synthesized versions of the respective forward and 279 reverse primer, with each primer version containing only one or no base ambiguity (Table 1) , 280 were also tested. All selected primer versions in these mixtures matched real comammox 281 amoA gene sequences in our database. In contrast, the original (more degenerate) primer 282 sets inevitably contained also co-synthesized oligonucleotide versions that did not match any 283 known target comammox amoA sequence. The less degenerate mixtures offered the same 284 coverage of comammox amoA clade A (95%), and by adding one additional oligonucleotide 285 to the forward primer mix we even increased the coverage of comammox amoA clade B 286 from 83 to 92%. Considerably improved PCR results were achieved by applying these 287 primer mixtures to the samples prone to unspecific amplification, as only amplicons of the 288 expected size were obtained after PCR (data now shown). Based on their improved 289 specificity and the higher coverage of comammox amoA clade B, the use of the defined, 290 manually pooled equimolar primer mixtures (Table 1) Intriguingly, comammox amoA genes were detected in all samples (Table 2) encompassing 296 forest soil, rice paddy soils and rice rhizosphere, a freshwater biofilm and brackish lake 297 sediment, as well as WWTPs and DWTPs. After cloning and sequencing, the obtained amoA 298 sequences were clustered in operational taxonomic units (OTUs) based on a sequence 299 identity threshold of 95% (Francis et al., 2003) . It should be noted that these OTUs might not 300 delineate species, as an appropriate species-level sequence identity cutoff for comammox 301 amoA remains unknown. This would need to be determined by correlating amoA sequence 302 identities with 16S rRNA identities or with genome-wide average nucleotide identities 303 almost all samples (Fig. 1, Table 2 , Table S1 ). Both clade A and clade B comammox 307
Nitrospira were detected in seven samples. Only clade A members were found in the 308 WWTPs, the brackish lake sediment, and the river biofilm enrichment, whereas we retrieved 309 only clade B amoA gene sequences from the forest soil (Table 2) niche differentiation and labor partitioning between ammonia oxidizers, it will be necessary to 333 include comammox Nitrospira in such comparisons. This will require a robust method for the 334 rapid and accurate quantification of comammox Nitrospira. Thus, we established qPCR 335 assays using the equimolar primer mixtures that target comammox amoA clade A or clade 336 B, respectively. Both assays had a high efficiency, accuracy and sensitivity, as the 337 13 quantification of as few as ten copies of comammox amoA standards was achieved 338 ( Supplementary Figure 1) . 339
As proof of applicability, we quantified comammox amoA clade A and clade B genes in five 340 different sample types: one activated sludge sample (WWTP VetMed, Vienna); paddy rice 341 soil from Vercelli, Italy; beech forest soil from Klausen-Leopoldsdorf, Austria; pasty iron 342 sludge from the riser pipe of GWW Wolfenbüttel, Germany; and the trickling filter sample 343 from the DWTP Friedrichshof, Germany (Table 3) in the same order of magnitude in the samples containing both groups (Table 3) . 351
352
Summary and Outlook 353
The newly developed primer sets were designed for maximal coverage of the known 354 comammox Nitrospira lineages, high specificity for comammox amoA genes, and a broad 355 range of applications including high-throughput amplicon sequencing and qPCR. By using 356 these primer sets, we detected the presence of comammox Nitrospira in a variety of 357 habitats. In this methodological study, our primary goal was to evaluate the applicability of 
